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Abstract
Strong chemical reactions between Al and Ce lead to the formation of intermetallics with exceptional thermal
stability. The rapid formation of intermetallics directly from the liquid phase during solidification of Al-Ce
alloys leads to an ultrafine microconstituent structure that effectively strengthens as-cast alloys without
further microstructural optimization via thermal processing. Die casting is a high-volume manufacturing
technology that accounts for greater than 40% of all cast Al products, whereas Ce is highly overproduced as a
waste product of other rare earth element (REE) mining. Reducing heat treatments would stimulate
significant improvements in manufacturing energy efficiency, exceeding (megatonnes/year) per large-scale
heat-treatment line. In this study, multiple compositions were evaluated with wedge mold castings to test the
sensitivity of alloys to the variable solidification rate inherent in high-pressure die casting. Once a suitable
composition was determined, it was successfully demonstrated at 800 lbs/h in a 600-ton die caster, after
which the as-die cast parts performed similarly to ubiquitous A380 in the same geometry without requiring
heat treatment. This work demonstrates the compatibility of Al REE alloys with high-volume die-casting
applications with minimal heat treatments.
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Strong chemical reactions between Al and Ce lead to the formation of inter-
metallics with exceptional thermal stability. The rapid formation of inter-
metallics directly from the liquid phase during solidification of Al-Ce alloys
leads to an ultrafine microconstituent structure that effectively strengthens
as-cast alloys without further microstructural optimization via thermal pro-
cessing. Die casting is a high-volume manufacturing technology that accounts
for greater than 40% of all cast Al products, whereas Ce is highly overpro-
duced as a waste product of other rare earth element (REE) mining. Reducing
heat treatments would stimulate significant improvements in manufacturing
energy efficiency, exceeding (megatonnes/year) per large-scale heat-treatment
line. In this study, multiple compositions were evaluated with wedge mold
castings to test the sensitivity of alloys to the variable solidification rate
inherent in high-pressure die casting. Once a suitable composition was
determined, it was successfully demonstrated at 800 lbs/h in a 600-ton die
caster, after which the as-die cast parts performed similarly to ubiquitous
A380 in the same geometry without requiring heat treatment. This work
demonstrates the compatibility of Al REE alloys with high-volume die-casting
applications with minimal heat treatments.
INTRODUCTION
According to a 2015 Ducker report,1 the total
aluminum content for the 17.46 million vehicles
expected to be produced in North America will equal
nearly 3 billion kg and 16 billion kg globally within
this decade. This number is likely to increase as
more automakers reduce vehicle weight, cut emis-
sions, and reduce energy consumption in produc-
tion. Die casting, especially high-pressure die-
casting (HPDC) with its high production rates and
near-net-shape capability, is one of the most cost-
effective methods to mass produce Al parts.2–6 Die
casting accounted for nearly half of all Al castings in
2015, with production of 700 million kg.7. The
advantages of HPDC include dimensional accuracy,
high production rates, low per-unit production costs,
and moderate mechanical properties that are
adequate for many applications.8 Important struc-
tural components are produced in HPDC, such as
transmission cases and engine blocks, but they
require postcasting heat treatment to reach neces-
sary properties. And although capital investment is
higher for die casting than for other processes, it is
justified in volume by higher quality and lower per-
piece cost.9
The die casting industry continuously seeks effi-
ciency by reducing processing time and energy. For
perspective, on average, 3.1 billion die casting parts
are produced in the United States. If a manufac-
turer can achieve 10 s of savings in cycle time per
casting, it will save 320 million hours of machine
time. A single 1800-ton die cast machine uses
160 kW of power. Therefore, potential total energy
savings due to the life-cycle energy consumption of
manufactured products can be 51.8 TWh/year.
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Manufacturers are also looking to reduce or elimi-
nate postcasting heat-treatment operations, which
are time consuming, labor and energy intensive,
and require huge floor space investment. The
combination of die casting production efficiency
and CO2 emissions by eliminating or reducing heat
treatments would make this approach particularly
‘‘green,’’ which is a recent trend in the industry.10,11
In fact, elimination of a single T6 heat treatment
line in a large die casting operation would reduce
CO2 emissions by 4500 Mt per year, the combina-
tion of natural gas for solutionizing (800 Mt) and
electricity for aging furnaces (3700 Mt). The reduc-
tion or elimination of these processes can produce
greener, lower cost components and allow manufac-
turers to optimize the use of floor space in other
production equipment.
Rare earth elements (REEs) with limited uses
(e.g., Ce and La) are found alongside more techno-
logically relevant rare earths during mining oper-
ations. Often, these by-products are regarded as
waste in the mining process and discarded. The
repurposing of waste products into co-products has
the potential to add value to interrelated manu-
facturing technologies, thereby increasing the com-
petitiveness of low ecological impact extraction and
manufacturing technologies.12–16 Using Ce and/or
La in a high-volume application could stabilize
demand and increase the profitability of critically
important rare earth mining. Previous research
demonstrated beneficial effects of adding rare
earth elements, particularly Ce, to Al alloys. REEs
can improve ductility and castability in light alloy
die castings specifically.17,18 Al-Ce alloys demon-
strated improved ultimate strength and castability
compared to traditional alloys in low-pressure
casting applications (i.e., gravity-fed permanent
and sand-mold).19,20 Al-Ce alloys are also good
candidates for reduction or elimination of heat
treatment,20 because they have excellent as-cast
properties.
The solidification rate is dependent on part
geometry, cooling system used, and other factors,
but in HPDC, part solidification occurs in seconds,
multiple times faster than other casting processes.
This allows for shorter cycle times and higher
throughput. To understand the effect of high
cooling rate, six alloy compositions were evaluated
with wedge mold casting studies, simulating the
high solidification rates inherent in HPDC (10–
1000 K/s).21,22 Based on the results of these trials,
one alloy (Al-12Ce-0.4Mg-1Fe (wt.%)) was chosen
for a proof-of-concept die casting trial run in
continuous operation at a rate of 800 lbs per hour.
Results show that Al-Ce alloys are particularly
well suited for HPDC, as they exhibit consistent
microstructure with changing cooling rate, no
evidence of die sticking, limited casting defects,
and as-cast hardness above that of A380 in T6
condition.
WEDGE MOLD TRIAL
Wedge mold studies were conducted to under-
stand the effect of changing the high solidification
rate on Al-Ce-based alloys. Based on mechanical
performance in low-pressure mold production, six
compositions from the Al-Ce-Mg system were
selected for wedge mold trials: Al-8Ce-0.4Mg, Al-
12Ce-0.4Mg, and Al-8Ce-8Mg, along with the same
three compositions with 1% Fe added (all percent-
ages by weight, with remainder Al). The purpose of
the trials was to evaluate the flowability (e.g., mold
filling properties) of the alloys and to characterize
the effects of solidification/cooling rate and Fe
additions on cast microstructures.
The alloys listed above were prepared by arc
melting the pure elements (99.999% Al, 99.9% Ce,
99.95% Mg, 99.95% Fe) together in an Ar environ-
ment to achieve a homogenous ingot. The ingot was
then placed in quartz tubes and melted via induc-
tion heating. The molten alloys were injection cast
into a Cu mold that has a rectangular opening of
5 9 10 mm and a depth of 35 mm (where the 5 mm
width narrows to 0 mm) by an applied overpressure
of Ar gas. A schematic of the wedge mold is found in
the supplementary material (Fig. S1). Due to the
wedge shape of the mold, the cooling rate for the
solidification of the alloy is dependent on the
vertical position along the mold. Since there are
many parameters that are difficult to measure
during casting (e.g., surface area that remains in
contact with the mold walls, the temperature gra-
dient through the Cu mold, etc.), calculating the
exact cooling rates (Rc) in the wedge mold was not
attempted.
Microstructural results from the wedge mold tests
for Al-12Ce-0.4Mg-1Fe are shown in Fig. 1. All
micrographs were taken with a Hitachi S-4700
scanning electron microscope (SEM) with a
backscattered electron (BSE) detector. Al-Ce-based
alloy microstructures consist primarily of an Al
matrix and a binary intermetallic Al11Ce3 that
forms by a eutectic reaction upon solidification.
Here, Mg is preferentially absorbed into the Al
metal matrix (marked with a red circle) while
Al11Ce3 intermetallic (blue star) forms and
strengthens the material. The addition of 1% Fe
introduces another component to the eutectic
microstructure (green square). Energy-dispersive
x-ray spectrometry (EDS) point scans (Table S1)
indicate that both intermetallic species are binary
compounds. As cooling rate increases (left to right),
the primary Al dendrites become finer, along with a
more refined proeutectic Al11Ce3. As cooling rate
increases, the two intermetallic components begin
to co-precipitate, forming a nested eutectic
microstructure at the highest cooling rate. In addi-
tion, the eutectic microstructure refines with
increasing cooling rate. Overall, however, no other
significant mesoscale changes in morphology or
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structure size were observed within the range of
cooling rates during die casting. This suggests that
variability in the rapid solidification rate of HPDC
would allow for a more uniform microstructure and
properties across the cast component.
Next, the effect of Fe addition was evaluated
because as a common addition to die casting alloys,
it could affect microstructure and properties. The
potential for die soldering is reduced by maintaining
excess Fe in the liquid near the die-Al interface.7,23
As shown in Fig. 2, the addition of Fe did not
significantly affect the microstructure. In the case of
the Fe free samples, bright laths and large primary
crystals of Al11Ce3 surrounded by a matrix of Al
make up the two constituent phases, as expected for
this composition space and cooling rates.24 Modifi-
cation by 1% Fe leads to the formation of what is
most likely Al13Fe4 on or near the eutectic laths.
This could result from the tendency of laths to act as
nucleation sites for additional phases during solid-
ification. X-ray diffraction (XRD) and dynamic scan-
ning calorimetry (DSC) were further used to
determine the phases and transformation tempera-
tures, and they are found in Fig. S2 and Table S2.
Besides reductions ( 5C) in liquidus and solidus
temperatures, no other significant changes by the
addition of Fe were found by DSC or XRD.
To characterize the effects of cooling rate and
composition on the mechanical properties, hardness
testing was performed on each of the cast samples,
and the results are shown in Fig. 3a. A380 in typical
and die cast hardness is shown for a comparison due
to its widespread use in die casting. The hardness
values for all the Al-Ce wedge mold samples are
consistent with or greater than A380 in the die cast
condition. Variations in A380 hardness between
typical25 and die cast condition are likely due to
microporosity and variations in cooling rate. The
alloys with 1% Fe additions provided slight
increases in hardness over the base alloys, and
with limited effects on microstructure, these addi-
tions should have an overall benefit when moving to
a die casting process.
DIE CAST TRIAL
Based on the wedge mold results, Al-12Ce-0.4Mg-
1Fe was selected for further study in an industrial
die-casting facility (photograph in Fig. 3b). While
this composition in the wedge mold condition had
lower hardness values than Al-8Ce-8Mg, its rela-
tively high hardness, narrow temperature range for
solidification, and good castability made it an ideal
candidate for the industrial trial.
For the industrial-scale die cast trial, 1800 kg of
Al-12Ce-0.4Mg-1Fe was produced and poured into
ingots. The ingots were then shipped to the die cast
foundry, melted down, degassed, and prepared for
production runs. The die casting trial utilized a 600-
ton die cast machine and a die used for process
Fig. 1. SEM backscatter images from three points within Al-12Ce-0.4Mg-1Fe wedge mold samples: (a) slowest, (b) moderate, and (c) highest
cooling rate. Three magnifications are shown for each location. Composition measurements for each phase are shown in Table S1.
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development and qualification (Fig. 3b). The part
consisted of a flat plate with holes at the corners and
a curved vertical surface on one side. As a result, the
cooling rate varied across the mold with the highest
rate near the edge of the plate and near the holes.
The cooling rate at the connection to the vertical
Fig. 2. SEM backscatter images of Al-12 wt.% Ce-0.4 wt.%Mg, Al-8 wt.% Ce-0.4 wt.%Mg, and Al-8 wt.% Ce-8 wt.%Mg without (a–c) and with
(d–f) 1 wt.% Fe addition.
Fig. 3. (a) Vickers hardness measurements of wedge mold samples for different compositions with and without 1%Fe, Al-12Ce-0.4Mg-1Fe in die
cast condition, and industry standard A380 in typical and die cast condition. (b) Photograph of the die casting facility during the large-scale die
cast trial of Al-12Ce-0.4Mg-1Fe.
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surface was the lowest. The cooling rates during die
casting are estimated to be between 15 K/s and
115 K/s.26 HPDC is typically not instrumented with
direct measurements of thermal profiles of castings
due to turbulent flow, high pressure, transient
cooling rates, and increased risk of catastrophic
die failure and explosion.
Die cast samples were selected for detailed
microstructural characterization. Figure 4a shows
an x-ray radiograph of a die cast part revealing
limited internal porosity. Multiple portions of cast
parts, particularly those at the extremes of expected
cooling rates (i.e., near the edge, across the hole, and
near the vertical surface) were analyzed using SEM.
The micrograph in Fig. 4c was taken from a sand cast
binary Al-12Ce alloy and is shown for comparison.
Figure 4d–f consists of micrographs from the die cast
part that were taken from the locations shown in the
schematic in Fig. 4b. The formation of Al-Fe inter-
metallics varied slightly with cooling rate. As shown
in Fig. 4d, in the highest cooling rate region, precip-
itation of Fe-rich phases (spherodized gray phase) is
present throughout. Lower cooling rate regions do
not have visible Fe-rich precipitates, but they are
instead characterized by a morphology representa-
tive of a eutectic co-solidification. Overall, the die cast
part has a similar range of microstructural scale
compared to the wedge mold castings; hence, casting
into a wedge mold is an adequate screening tool for
alloy compatibility with die casting.
The eutectic structure is consistent with observa-
tions from previous research in Al-Ce alloys.13,14
Microstructural refinement has been shown to
increase the hardness of Al-Ce based alloys. The
properties from the more cellular structures
observed in the high cooling rate regions of the
wedge mold samples indicated by an average hard-
ness value between 60 and 70 HVN are consistent
with laser restructured casting.27 The die cast
samples however exhibited a similar microstructure
to those observed in the wedge mold with a lower
average hardness (50–60 HVN). The die cast hard-
ness (Fig. 3a) was measured based on an average
from all regions observed in Fig. 4. These results
compare favorably to die cast A380, which was
measured from the same part geometry as die cast
Al-12Ce-0.4Mg-1Fe. The slight decrease in hardness
of the die cast alloy, compared to the wedge mold
samples, could be due to differences in cooling rate
or minor variations in composition as a result of the
nature of industrial manufacturing. The Al-12Ce-
0.4Mg-1Fe alloy exhibited good fluidity and no
major casting defects at comparable settings used
for A380 with a  10 K increase in melt tempera-
ture. The fill shot time was increased by approxi-
mately 0.25 s to accommodate for turbulence issues
associated with the higher fluidity of the alloy.
These results suggest that casting compositions
with more complex solidification paths, such as that
found in the higher strength 8%Mg alloy, is feasible.
CONCLUSION
Al-Ce alloys were determined to be appropriate for
die casting applications, both by simulating high
solidification rate in wedge mold studies and with a
full-scale die casting trial. Fe additions to reduce die
soldering were also investigated. This addition was
found to change the solidification structure slightly
and generally improve hardness. Investigation of
Fig. 4. (a) X-ray radiograph of die cast plate, showing low defect density. (b) Schematic of die cast part with locations of SEM backscatter
images. (c) A SEM backscatter image of a typical sand cast microstructure of Al-12Ce binary. (d–f) SEM backscatter images (from fastest to
slowest cooling rates, respectively) on the die cast 12Ce-1Fe-0.4Mg part.
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12Ce-1Fe-0.4Mg (wt.%) in a full die casting run
showed high applicability and comparable hardness
to industry standard A380 in die cast format without
the need for heat treatment. A die casting application
for Al-Ce alloys has the potential to stabilize demand
for rare earth elements by greatly increasing demand
for a Ce co-product, improving the economic outlook
for REE mining. Additionally, these alloys can be die
cast without the need for a heat treatment, providing
enormous economic and energy efficiency benefits.
More work is required to assess fluidity and shrink-
age behavior, but initial parity with A380 makes this
alloy promising for die casting applications.
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